Surface nanomechanical behavior under nanoindentation of ZrN and ZrCN film on NiTi substrate was studied. The surface hardness and modulus of the films increase initially with larger nanoindentation depths and then reach their maximum values. Afterwards, they diminish gradually and finally reaching plateau values which are the composite modulus and composite hardness derived from the ZrN/ZrCN film and NiTi substrate. They are higher than those of electropolished NiTi SMA due to the properties of ZrN and ZrCN. In comparison, the surface nanomechanical properties of electropolished NiTi exhibit a different change with depths.
INTRODUCTION
The functionalities of biomaterials depend very much on their surface properties and surface modification is becoming a hot research field in biomaterials. 1 For example, formation of a titania or hydroxyapatite film can effectively block the release of harmful Ni ions from biomedical NiTi shape memory alloys in simulated body fluids and improve the biocompatibility. [2] [3] [4] [5] Recently, ZrN film began to attract more attention for its excellent biocompatibility, high hardness, good lubricity as well as ductility. These properties make it an attractive biomedical coating material. Cheng et al. used PIII&D technique to deposite ZrN/Zr coating onto NiTi alloy and the corrosion resistance was greatly improved in Hank's solution. 6 In our previous study, 7 we have deposited ZrN film on NiTi shape memory alloy (SMA) by magnetron sputtering and improved blood compatibility was obtained. In addition, it is necessary to investigate the surface mechanical properties of the ZrN film for biomaterials, especially those used in hard tissue replacements. Owing to the constraints imposed by the modified surface layer, many conventional testing methods cannot be used to study the mechanical properties of biomedical thin films. In this aspect, nanoindentation is a suitable method to determine the mechanical characteristics of thin * Author to whom correspondence should be addressed. films because of its low load (1 N) and small displacement (1 nm). 8 In this work, the surface nanomechanical properties of the ZrN and ZrCN films were determined by nanoindentation. The surface deformation mechanism is proposed and compared to electropolished NiTi SMA.
EXPERIMENTAL DETAILS
NiTi (50.8 at% Ni) SMA plates for medical applications were cut into small rectangular blocks with dimensions of 10 mm × 10 mm × 1 mm. The samples were chemically polished for several minutes using a solution containing H 2 O, HF, and HNO 3 with a 5:1:4 ratio and then electropolished at a constant voltage of 10 V for 6 min at room temperature in an electrolytic cell with a magnetic stirrer and graphite cathode. The electrolyte consisted of 21 vol.% perchloric acid (HClO 4 , 70∼72 vol.%) and 79 vol.% acetic acid (CH 3 COOH, 99.5%). The samples were then ultrasonically washed in acetone for 10 min and deionized water for 10 min. They were divided into two groups with the first group being the control.
The second group was used as the substrates to deposit ZrN and ZrCN films using a reactive DC (direct current) magnetron sputtering system (JGP450A2). The vacuum chamber was pumped down to 1 × 10 −3 Pa prior to film deposition. The carrier gas (Ar) and reactive (N 2 ) gas have a purity of 99.95%. The substrates were first cleaned by argon sputtering for 6 min. During deposition, the pressure in the vacuum chamber was 0.5 Pa and N 2 /(Ar + N 2 ) with a ratio of 6.25% was introduced at a total flux of 32 cm 3 /min. The substrate temperature was 250 C. The DC power was kept at 150 W which was equivalent to a target DC offset voltage of 280 V. The substrate current was 0.54 A for the substrate bias voltage of −50 V, respectively. The distance between the target and substrate holder was 60 mm. To deposit the ZrN and ZrCN films, a high purity (99.9%) Zr target and a Zr-C composite target with Zr (99.9%)/C (99.9%) area ratio of 1:1 were used respectively. The diameter of the target was 80 mm and the deposition time was about 8 min.
The surface and cross section morphologies were evaluated by field-emission scanning electron microscopy (SEM Sirion 2000, FEI) at 20 kV after the surfaces were coated with gold. X-ray diffraction (RAD IIA, Rigaku) with Cu K at 40 kV and 25 mA radiation was used to determine the phase constituents.
The mechanical properties and deformation behavior were investigated by nanoindentation using a nanoindenter (Nano Instruments XP, MTS) with the continuous stiffness measurement (CSM) capability and the indentation was carried out using a Berkovich (three-sided pyramid) indenter. A small-harmonic, high-frequency amplitude was superimposed on the indentation loading and the contact stiffness of the sample was measured from the displacement response at the excitation frequency. The indentation experiments were conducted in displacement control to a depth of 2000 nm on each sample. The modulus or hardness was derived instantaneously as a function of depth from the contact stiffness. Load and hardness calibration was performed employing a fused silica reference. At least three indentations were conducted for each group. Figure 1 depicts the surface and cross section of the ZrN and ZrCN films under SEM There are many ball-shape particles on the two films. The cross section morphology indicates that the microstructure of the films has a fibrous characteristic. The films adhere well to the NiTi substrate. Compared to the ZrCN film, the ZrN film surface has some pores and appears more porous. Figure 2 shows the XRD spectra acquired from the ZrN and ZrCN films. The ZrN film exhibits preferred growth at the (111) crystal plane. ZrN is the predominant phase and there is small amount of ZrO 2 secondary phase as a result of the strong affinity between Zr and O leading to the formation of the ZrO 2 phase during depositing. Brown et al. 9 have found N in ZrN phase can be substituted by O in the ambient into ZrO 2 . In the XRD spectra of the ZrCN film, the diffraction peak of the ZrCN phase (actually the composite diffraction peak from ZrN and ZrC phases) can be observed. The ZrO 2 secondary phase cannot be found. During deposition of the ZrCN film, the high temperature from the discharge can deoxidize ZrO 2 into ZrC 10 thereby making the former disappears. Figure 3 shows the representative load vs. displacement curves acquired from the different samples. It can be found that the needed load increases with increasing depth from the top surface. For each sample, the load peaks of at a depth of 2000 nm are different from each other, namely 200 mN for the electropolished NiTi SMA, 240 mN for the ZrN film, and 250 mN for the ZrCN film. At the same nanoindentation depth, the loads of the ZrN and ZrCN films are obviously higher than that of the electropolished NiTi SMA. It indicates that the deposited Zr(C)N films can enhance the load bearing ability of NiTi.
RESULTS AND DISCUSSION
Figures 4 and 5 display the corresponding hardness values and Young's moduli obtained from the CSM system. The hardness and modulus values here not only depend on the surface films, but also are influenced by the NiTi substrate because the total nanoindentation depth of 2000 nm is larger than or comparable to the thickness of the surface films (a native titania film about 10 nm thick on electropolished NiTi SMA as the control and 2500 nm thick ZrN and ZrCN films). As shown in Figures 4 and 5 , the hardness and modulus determined from each sample display a similar trend with increasing depths. However, it should be noted that the surface nanomechanical properties of different samples are different from each other thereby suggesting a different deformation mechanism during the nanoindentation process.
With regard to the electropolished NiTi SMA as the control, both the hardness and modulus reach the maximum values, 4.2 GPa and 85 GPa, respectively, at the initial stage of nanoindentation. With increasing depths, the hardness and modulus values decrease finally reaching a plateau near 2.7 GPa and 66 GPa, respectively. The fact that the maximum modulus value of 85 GPa observed at the initial stage of nanoindentation is lower than that of dense amorphous TiO 2 between 130 and 150 GPa 11 seems reasonable because the thickness of the native titania film on the NiTi substrate is much smaller than the total nanoindentation depth.
With increasing indentation depths, the modulus diminishes as a result of the larger contribution from the substrate, finally reaching a plateau resulting from the composite modulus encompassing the moduli of the dense titania film (TiO 2 and NiTi substrate. Considering that the thickness of the titania film (10 nm) on the electropolished NiTi sample is much smaller than the total nanoindentation depth of 2000 nm, its composite modulus (66 GPa) should approach that of the NiTi substrate.
In comparison, the hardness and modulus determined from the ZrN film increase initially with larger nanoindentation depths and then reach maximum values of 7.2 GPa and 120 GPa, respectively. Afterwards, they gradually decrease finally attaining plateau values of about 3.4 GPa and 68 GPa, respectively, which are different from those of the electropolished NiTi control. Similar mechanical behavior has been observed in the nanoindentation study of TiO 2 nanotubes on Ti substrate. 12 It is reasonable because the ZrN film on NiTi has a porous structure on the nanometer scale ( Fig. 1(a) ) similar to that of TiO 2 nanotubes on Ti. Obviously the decrease in the porosity and densification of the porous ZrN film can increase the elastic modulus and also affect the hardness.
A deformation mechanism similar to the one discussed in the literature 12 is applicable. There are three distinct regions defined by curve 2 in Figures 4 and 5 . Region I that is characterized by an increase in the modulus with time is primarily due to increased densification of the ZrN film. Region II is characterized by a parabolic decrease in the indentation modulus where the indentation depth is gradually comparable to the thickness of ZrN film. That is, the indenter is gradually approaching the substrate surface. Hence, the variation in the moduli in this region is the result of the increasing contributions from the substrate that can decrease the moduli. Finally, Region III describes the region in which the ZrN film has become nearly fully dense. It is characterized by a plateau in the indentation modulus corresponding to the composite modulus of the dense film and NiTi substrate. A similar interpretation is applicable to the composite hardness.
The deformation behavior of the ZrCN film under indentation has some similar characteristics as that of the ZrN film on NiTi. The difference between them is that the hardness and modulus obtained from the former reach maximum values of about 21 GPa and 230 GPa respectively, with a larger increasing rate at the initial stage of nanoindentation. With increasing depths the hardness and modulus decrease finally reaching a plateau near 3.7 GPa and 73 GPa, respectively, which are the composite hardness and modulus of ZrCN film and NiTi substrate. It appears to be logical because the ZrCN film is denser than the ZrN film as shown in Figure 1 , indicating that the latter needs a longer densification process under indentation.
It is obvious that the composite modulus and composite hardness values derived from the ZrN/ZrCN film and NiTi substrate are higher than those of electropolished NiTi SMA. The enhancement can be attributed to the intrinsic properties of the ZrN and ZrCN films. It is common to determine the average properties of a thin film at indentation depths of less than 10% of the film thickness in order to minimize contributions from the substrate. 11 Hence, in this work, the average hardness and modulus values of the ZrN film are about 5.5 GPa and 106 GPa, respectively, whereas those of the ZrCN film are higher at about 168 GPa and 202.8 GPa, respectively. That is to say, the ZrN and ZrCN films produced by magnetron sputtering can enhance the surface load bearing ability of NiTi SMA while simultaneously offering distinct advantages in suppression of Ni ion release and enhancement of surface biocompatibility.
CONCLUSION
Nanoindentation study on surface mechanical behavior of ZrN and ZrCN films deposited on NiTi SMA by magnetron sputtering indicates ZrN and ZrCN films can enhance the surface load bearing ability of NiTi SMA. The surface deformation mechanism under nanoindentation is proposed and the phenomenon is compared to that on electropolished NiTi SMA.
